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論文内容要約 
 
  Due to the increasing life expectancy of the patients, nowadays more and more implants (spinal, hip, dental etc.) 
must be replaced because of the fatigue fractures. To solve this problem and extend the lifetime of these devices, continuous 
researches have been conducted to improve their strength and fatigue performance. With this purpose, two principal research 
lines can be found: 
1. Creation of new alloys 
2. Optimization of the existent alloys 
Taking only account the second research line; the main approach that has been done to optimize the strength of the Ti-6Al-4V 
is grain refinement to obtain ultrafine-grained (UFG) microstructures. Various methods have been proposed to obtain this 
specific microstructure, all of them coinciding to be thermo-mechanical techniques (implying deformation). UFG Ti-6Al-4V 
results in a complex, expensive and limited technique to optimize this material. 
The objective of this thesis is to explore novel methods to improve the strength of this material using 
non-equilibrium phases formed by heat treatment. 
 
Chapter 1 & 2 
Firstly, background of information relative to biomaterials, titanium and its alloys, and the Ti-6Al-4V is provided, 
forming the base knowledge needed to understand the work that has been done in this thesis. With special attention; the 
different crystallographic phases, which the Ti-6Al-4V can form, are described in detail. 
Following, the second chapter compile all information related to the initial state of the studied material, plus all the 
experimental techniques used to characterize the different properties of the initial and resulting alloys. 
 
Chapter 3 
 With the aim of improving the high cycle fatigue strength and yield strength of the Ti-6Al-4V ELI (Extra Low 
 
Interstitial), which is used nowadays in implants fabrication; a systematic study of how the α’-phase influence the mechanical 
properties of this alloy is presented in this chapter. 
 Three different alloys, with different fractions of α’-phase martensite, have been prepared (47, 77 and 100% of α’ 
martensite) using a muffle furnace under argon atmosphere. The samples were heated at various temperatures for 15min, 
followed by water-quenching. 
 It has been proved, using the activation energy for grain growth, that vanadium is the main alloying element 
responsible of the different α’-phase fractions and in consequence the mechanical properties; this fact is also seen in the 
resulting chemical composition of the existing phases. It has been found that a big difference in terms of chemical compositions 
exists between the lowest martensite (47% α’) and the higher ones (77 and 100% α’). The unusual chemical composition of 
47% α’ alloy is translated into abnormal static mechanical properties. 
The mechanical characterization has been done by a micro-hardness, tensile and rotating bending fatigue machines. 
Hardness and tensile tests show an abnormal static mechanical behavior of the 47% α’ alloy. The fatigue characterization 
concludes that all martensite alloys increase the high cycle fatigue strength of the Ti-6Al-4V ELI alloy, in comparison with the 
initial state. The best combination of static and dynamic mechanical properties has been found in the 77% α’ alloy. 
 Comparing the results obtained with those from the literature referencing the UFG (Ultra Fine Grain) Ti-6Al-4V 
ELI, it can be concluded that the use of an optimal fraction of α’ martensite is a better, easier and more economical way to 
improve the mechanical properties of this alloy. 
Because this new optimized alloy is mainly designed to be used to produce spinal implants, the stability of the 
non-equilibrium microstructure during the sterilization process (dry-heat) has been verified using the TEP (Thermo-Electrical 
Power) measurement. In addition, the cytotoxicity has been characterized in two different cell types (fibroblast and 
osteoblast-like cell) using the MTT assay. Both analysis show promising results, encouraging the use of this new 
microstructure in the new generation of Ti-6Al-4V and its ELI grade implants. 
 
Chapter 4 
Due to the information and controversy found in the literature about some aspects of the martensite formation and 
resulting mechanical properties, this chapter has been designed. Literature claims that the best high cycle fatigue strength is 
obtained due to a TRIP (Transformation-Induced Plasticity) behavior of a metastable phase; some authors claim that this 
instable phase is a retained β-phase, others a secondary martensite (α’’).  
In the previous chapter, a huge increase in the high cycle fatigue strength (+20%) has been obtained without any 
phase capable of such behavior. In order to verify if the formation of a metastable phase can rise even more the high cycle 
fatigue strength, an alloy with 22% of transformed β-phase after quenching is studied. 
The resulting martensite microstructure is composed of a metastable phase other than the α or β phases, although 
XRD (X-Ray Diffraction) and chemical composition analysis cannot determine what type of phase has been created. TEM 
indexation has determinate that the martensitic microstructure contains a monoclinic phase. Further study shows that this new 
phase is formed due to an incomplete transformation, because of a non-equilibrium state during heating. The 15-min heating 
are not enough for the sample size used. 
The resulting alloy is characterized by a very low yield strength and high ductility due to its TRIP capability, 
transformation of the monoclinic phase into α’-phase. Fatigue results conclude that in contrast of what the literature shows, the 




Martensite is not the only strengthening (by phase transformation) mechanism existing on the Ti-6Al-4V ELI alloy. 
Few information exists about the precipitation hardening in this alloy; because of that, this chapter is dedicated to study how 
this phenomenon can influence the mechanical properties. 
Literature claims that the intermetallic Ti3Al, also so-called α2-phase, can precipitate in Ti-6Al-4V alloy when is 
heated at temperatures around 500ºC. Since the precipitates are coherent with its matrix, in theory they can rise the elastic 
properties of the material keeping its ductility. 
Four alloys have been fabricated, a combination of two temperatures and two heating times, followed by 
water-quenching. The samples have been previously encapsulated into quartz tubes under argon atmosphere. 
Although any difference in microstructure has been observed using the SEM (Scanning Electron Microscope) 
between the initial and aged alloys, a chemical composition different exists between them. The chemical changes in both α and 
β phases has a tremendous influence in the mechanical properties, an increase in approximately 100 MPa in the yield strength 
is obtained without any decrease in ductility. 
The increase on yield strength is due to precipitation hardening effect; in contrast to what is thought and learned in 
literature, during aging any α2-phase precipitates. Instead, TEM observations show that the precipitates have a FCC (Face 
Centered Cubic) crystal structure. Since these precipitates are not coherent with the matrix, the increase in yield strength has to 
be accompanied with a decrease in ductility. 
Tensile characterization shows that the aged alloys possess a distinct TRIP behavior, resulting in a good ductility of 
the aged alloys. XRD analysis show that β-phase is responsible of this behavior. 
 
Chapter 6 
With the acquired knowledge of previous chapters, two new fabrications process are tested in this last chapter. 
It was desired to rise up the good results of using the optimal α’ martensite fraction. Taking advantage of the close 
relation between temperature and phase fraction transformation, a two-step heat treatment has been designed. The objective of 
this heat treatment is to refine the microstructure keeping the optimal fraction of α’-phase at the end of the heat treatment. Each 
step of the two-step heat treatment has been made using a muffle furnace with argon atmosphere, heating the sample for 15 
min and water-quenched after each step. Results are not favorable, and a decrease in mechanical properties are obtained in 
comparison with a single step-heat treatment. This could be due to the short time heat treatment. 
The second new fabrication relates both strengthening methods studied in this thesis, martensite plus precipitation 
hardening was wanted to coexist in the Ti-6Al-4V ELI alloy. Precipitation hardening has been combined with two different 
martensite fractions. The results of tensile tests show that both phenomena can coexist in this alloy, increasing the yield strength 
and decreasing the ductility in comparison with only the martensite strengthening. 
